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Abstract. The abyssal ocean is filled with cold, dense 
waters that sink along the Antarctic continental slope and 
overflow sills that lie south of the Nordic Seas. Recent inte- 
grations of chlorofiuorocarbon-ll (CFC) measurements are 
similar in Antarctic Bottom Water (AABW) and in lower 
North Atlantic Deep Water (NADW), but Antarctic inputs 
are m 2øC colder than their northern counterparts. This 
indicates comparable ventilation rates from both polar re- 
gions, and accounts for the Southern Ocean dominance over 
abyssal cooling. The decadal CFC-based estimates of recent 
ventilation are consistent with other hydrographic observa- 
tions and with longer-term radiocarbon data, but not with 
hypotheses ofa 20th-century slowdown i  the rate of AABW 
formation. Significant variability is not precluded by the 
available ocean measurements, however, and interannual to 
decadal changes are increasingly evident at high latitudes. 
1. Introduction 
It has long been known that the deepest waters of the 
abyssal ocean originate in the polar regions. The first 
deep ocean measurement, made in 1751 at 1630 m in the 
subtropical North Atlantic [Etlis, 1751], was explained as 
a manifestation of ocean convection, with cold polar sur- 
face waters sinking to the ocean floor and spreading equa- 
torward, forcing warm surface waters poleward [Rumford, 
1800]. Sparse temperature observations and the distribu- 
tion of ocean basins and bathymetry led to the contention 
that the southern source of bottom currents was stronger 
and more infiuencial in spatial extent than the northern 
source [Carpenter et at., 1869; Buchan, 1895]. Since that 
time, many thousands of measurements have produced a 
more complete picture of the deep ocean thermal structure 
[Levitus and Boyer, 1994] (Fig. 1). But does this figure in- 
dicate that southern inflows are colder, with readier access 
to the abyss [Mantyta and Reid, 1983] or that overturning 
is more rapid there? Can it be reconciled with the recent 
hypothesis that a 20th-century slowdown may have occurred 
in deep water production in the Southern Ocean [Broecker 
et at, 1999]? To address these questions we have analyzed 
complementary observations from well-sited long-term cur- 
rent meter arrays, and from the time-based tracers chlo- 
rofiuorocarbon (CFC) and radiocarbon (14C). These results 
provide estimates of the renewal rates for that 40% of the 
global ocean deeper than 2500 m, the average temperature of 
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which is 1.36 ø C. This constitutes our 'abyssal ocean', defined 
to exclude the more variable and shallower Labrador Sea and 
Antarctic Intermediate Waters. 
2. Hydrographic and Geochemical 
Observations 
Estimation of the contribution of northern overflows to 
the abyssal ocean has been facilitated by a series of direct 
current measurements made between 1973 and 1993 [Saun- 
ders, 1990; Ross, 1984; Meincke, 1983]. The total transport 
from the Nordic Seas across 400-900 m sills in the Greenland- 
Scotland Ridge is 5.8 Sv (1 Sv = 106 m 3 s -•) at 0 • -0.5øC 
to +0.4 ø C. These overflows entrain warmer waters and enter 
the abyssal ocean at a combined rate of 8.6 Sv and with tem- 
peratures between +0.5øC and +1.0øC [Dickson and Brown, 
1994]. Southern injections into the abyssal ocean have been 
more difficult to measure directly because the sites are re- 
mote, frequently covered by sea ice, and distributed along 
a Slope Front that extends more than 18,000 km around 
Antarctica [Whitworth et at., 1998]. In addition, spatial 
variability of thermohaline properties and a variety of bot- 
tom water definitions have led to different ideas regarding 
the relative strengths of source regions [e.g., Carmack, 1977; 
Rintout, 1998]. Most process and monitoring studies have 
been carried out in the Weddell Sea, where recent work has 
confirmed earlier calculations of 3-5 Sv of 'Weddell Sea Bot- 
tom Water' production [Gordon, 1998]. Hydrographic es- 
timates for generation of the more inclusive AABW have 
typically ranged from 5-15 Sv [e.g., Carmack, 1977; Jacobs 
et at., 1985], but are not well constrained. 
Geochemical measurements of transient tracers provide 
important temporal information from which ventilation rates 
can be derived. For the northern hemisphere, CFC-based 
analyses are broadly consistent with the physical measure- 
ments, showing an average overflow of 4.8 Sv from the 
Nordic Seas between 1970 and 1990, subsequently rising by 
entrainment to 7.6 Sv of lower NADW entering the abyssal 
North Atlantic [Smethie and Fine, 2001] (Fig. 2). In 
the south, integrated CFC measurements below the upper 
boundary (28.27 kg m 3) of AABW indicate 8.1 Sv sinking 
across the 2500-m isobath on the Antarctic continental rise 
[Orsi et at., 1999]. About 60% of this volume enters the At- 
lantic sector of the Southern Ocean at 0 .• -1.2øC, and the 
remainder in the Indian and Pacific sectors at 0 m -0.8øC. 
The comparable volume and colder temperatures of the 
southern sources means that overturning in the Southern 
Ocean must dominate abyssal cooling (Fig. 1). To mantain 
the abyssal ocean at a temperature near 1.36øC, injection 
of cold deep and bottom waters constitutes an important 
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Figure 1. Spatial distribution of the depth-averaged potential temperature below 2500 m in the world ocean, from [Levitus and 
Boyer, 1994]. Stronger cooling occurs in the Southern Ocean, where very cold, dense waters generated over the Antarctic continental 
shelf can access the deep ocean along the lengthy continental slope In the Arctic and Nordic (Norwegian, Greenland and Iceland) 
Seas, less cold and dense waters reach the abyssal ocean only across narrow sills in the ocean ridge between Greenland and Scotland. 
Depths shallower than 500 m are shaded in gray. The abyssal ocean's mean temperature of 1.36øC excludes the 0.5% volume trapped 
deep within the Arctic and Nordic Seas. 
continental •l-L L• 1500m 
shelf • 2500m 
8.1 
Southern Ocem• Labrador Nordic 
9.6 
upper NADW 
ß 
7.6 
lower NADW 
Figure 2. Schematic illustration of abyssal ocean inputs from 
high latitudes, based on analyses of CFC data. The layer deeper 
than 2500m receives 7.6 Sv (1 Sv: 106 m 3 s -1) of lower NADW, 
of which 4.8 Sv has crossed sills in the Greenland-Scotland Ridge, 
and 8.1 Sv of AABW, of which m 5.4 Sv is derived from the 
Antarctic continental shelf. Southern near-surface ('ventilated') 
components are • 2øC colder than the Nordic overflows. Most 
Labrador Sea Water enters the upper NADW. Deep convection 
during polynya events (dotted arrow) and lateral intrusions along 
the Antarctic continental slope (dashed arrow) also ventilate the 
region deeper than 1500m. Most Antarctic Intermediate Water 
(AAIW) remains in the top 1500m. 
cooling mechanism. The sinking of 8.1 Sv of new AABW 
with an average temperature of-1øC represents a heat loss 
for the abyssal ocean about three to four times larger than 
that resulting from the injection of 7.6 Sv to 8.6 Sv of new 
lower NADW at an average temperature of 0.7øC. Together 
these polar inflows cool the abyssal ocean at a rate of • 0.1 x 
101•W, which in steady state and with negligible geothermal 
heating must be balanced by the downward diffusion of heat. 
The mean vertical temperature gradient (7 x 10 -4 øK m -1) 
across the 3 x 1014 m 2 area of the 2500 m interface yields a 
vertical diffusivity near 10 -4 m 2 s -1, consistent with global 
estimates [Munk and Wunsch, 1998]. 
Representative CFC saturation levels of the near-surface 
ingredients in AABW and lower NADW depend on atmo- 
spheric CFC concentration, surface conditions, water col- 
umn stability and, near Antarctica, sea ice cover and resi- 
dence time beneath ice shelves [Schlosser et al., 1991]. Sur- 
face waters in the Southern Ocean can reach 90% saturation 
in summer, but most Antarctic deep and bottom waters are 
not formed from surface waters south of 40øS [Broecker et 
al., 1998] but from denser shelf waters [Whitworth et al, 
1998] that are typically only 40-60% saturated. Available 
CFC and temperature measurements indicate that • 5.4 Sv 
of near-freezing Antarctic shelf waters (at 50% CFC satura- 
tion) mixed with • 5% CFC deep water provide the 'venti- 
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lated' component of new AABW (m 35% saturation) found 
on the continental rise [Orsi et al., 1999; 2001]. The shelf 
water component in AABW must increase its original vol- 
ume about 50% by entrainment during sinking, consistent 
with the entrainment rates estimated for Nordic overflows 
[Dickson and Brown, 1994; Smethie and Fine, 2001]. With 
date-normalized CFC inventories of 11 million moles in both 
AABW and lower NADW [Orsi et al., 1999; Smethie and 
Fine, 2001], the latter requires a smaller surface component 
with mean saturations exceeding 50%, and/or entrainment 
of ambient waters with saturations above 5%. 
3. Discussion and Conclusions 
Inflows to the abyssal ocean derived from decadal-scale 
CFC data, within their estimated 30% error limits [Sme- 
thie and Fine, 2001], agree with ventilation rates obtained 
from multi-century scale •4C observations. The combined 
AABW and lower NADW flow of 15.7 Sv (Fig. 2) into the 
abyssal ocean volume (53,660 x 104 km a) south of 65øN cor- 
responds to a renewal time of 1085 yrs. To compare that 
value with a •4C-based 30 Sv renewal rate [Broecker tal., 
1998], which applies to the larger ocean volume below m 
1500m, shallower inputs such as the 9.6 Sv of upper NADW 
from the Labrador Sea [Smethie and Fine, 2001] and the 
more sparsely-sampled southern components must be added. 
The latter would include shelf water mixtures off the Wilkes 
Land Coast and in the NW Weddell Sea [Carmack and Kill- 
worth, 1978; Rintoul, 1998; Whitworth et al, 1994], and deep 
convection within sporadic offshore polynyas [Gordon, 1978]. 
In combination, these sources account for the additional 4.7 
- 6.9 Sv that would be required for a steady-state 30/15 Sv 
global/Southern Ocean [Broecker et al., 1998; Orsi et al., 
2001]. 
This physical and chemical evidence offers little support 
for hypotheses ofa possible 20 th -century slowdown or near- 
zero production of deep and bottom water in the South- 
ern Ocean [Broecker et al., 1999; Worthington, 1977]. The 
CFC-based abyssal ocean renewal rates over recent decades 
are compatible with hydrographic [Ganachaud and Wun- 
sch, 2000] and longer-term •4C measurements, and are simi- 
lar in magnitude in the southern and northern hemispheres. 
The observations do not reveal whether AABW production 
might have been stronger during the Little Ice Age. For 
example, if the AABW formation rate during that 500 yr 
period [Broecker et al., 1998] were 16.2 Sv (twice the value 
in Fig. 2), with other parameters unchanged, then overturn- 
ing for the abyssal ocean would drop from 1085 to 862 years 
(885 to 780 yrs for 38.1 Sv into the larger reservoir deeper 
than 1500m). The difference between these estimates is well 
within the combined error bars of the geochemical analyses. 
A decline in the rate of deep water formation in the 
Southern Ocean cannot be inferred by comparing the volume 
of NADW that emerges from the South Atlantic with the 
amount of AABW produced in the Weddell Sea [Broecker et 
al., 1998]. But one can easily be misled by reports that most 
bottom water is generated in the Weddell Sea, and that its 
volume is relatively small [Orsi et al., 1999; Fahrbach et al., 
2001]. 'Weddell Sea Bottom Water' is a cold and fresh vari- 
ant, however, that would be trapped in the Weddell-Enderby 
Basin if it did not upwell and mix into the more widespread 
AABW class. In addition, the concept of surface water sim- 
ply overturning to become deep water, as in the Labrador 
Sea, has rarely been documented in the Southern Ocean. It 
occurred in the Weddell Polynya of the early 1970s, but that 
feature existed for only 1/9 of the satellite-era sea ice record, 
during which it generated only 1.6-3.2 Sv of deep water [Gor- 
don, 1978]. Nevertheless, that is the primary mode of deep 
convection in the Southern ocean in most general circulation 
models [Goodman, 1998], which as yet have insufficient res- 
olution to accommodate the Antarctic continental shelf and 
slope regimes. Even if brine drainage and freshwater inputs 
are accurately parameterized, caution must be exercised in 
interpreting AABW variability resulting from modeled pro- 
cesses that are uncommon in the modern ocean [Kim and 
$tSssel, 2001]. 
While the temperature, CFC and •4C measurements ap- 
pear consistent with a relatively steady-state overturning 
rate in the Southern Ocean over recent centuries, future 
changes may well be in the cards. General circulation mod- 
els commonly depict a reduced deep ocean ventilation rate 
in a warmer and wetter climate, now widely anticipated, 
and regional models are becoming increasingly realistic. At 
the same time, the observational evidence is growing for sig- 
nificant temporal variability in AABW and its precursors 
[Fahrbach et al., 1995; Jacobs and Giulivi, 1998]. 
Acknowledgments. W.M. Smethie, W. S. Broecker and 
other reviewers have made helpful comments on this work, which 
has been supported by the NSF and NASA Ocean Science and 
Polar Programs. Lamont-Doherty Earth Observatory contribu- 
tion J•6196. 
References 
Broecker, W. S., S. Peacock, S. Walker, R. Weiss, E. Fahrbach, 
M. Schr6eder, U. Mikolajewicz, C. Heinze, R. Key, T.-H. Peng, 
and S. Rubin, How much deep water is formed in the Southern 
Ocean?, J. Geophys. Res., 103, 15833-15843, 1998. 
Broecker, W. S., S. Sutherland, and T.-H. Peng, A Possible 20th- 
Century Slowdown of Southern Ocean Deep Water Formation, 
Science, 286, 1132-1135, 1999. 
Buchan, A., Report on oceanic circulation based on the obser- 
vations made on board H.M.S. Challenger, and other obser- 
vations. in Report on the Scientific Results of the Voyage of 
H.M.S. Challenger during the years 1872-76, A Summary of 
the Scientific Results, Second Part, Appendix (Physics and 
Chemistry, Part VIII), 38 pp., 1895. 
Carmack, E. C., Water characteristics of the Southern Ocean 
south of the Polar Front. in A Voyage of Discovery, M. Angel 
(Ed.), Deep-Sea Res., œ• (Suppl.), 15-41, 1977. 
Carmack, E. C., and P. D. Killworth, Formation and interleaving 
of abyssal water masses off Wilkes Land, Antarctica, Deep-Sea 
Res., 25, 357-369, 1978. 
Carpenter, J., G. Jeffreys, and W. Thomson, Preliminary report 
on the scientific exploration of the deep sea in H.M. Surveying- 
vessel "Porcupine", during the summer of 1869, Proceedings of 
the Royal Society of London, 18, 397-492, 1869. 
Dickson, R. R., and J. Brown, The production rates of North At- 
lantic Deep Water: sources, rates, and pathways, J. Geophys. 
Res., 99, 12319-12341, 1994. 
Ellis, H., A letter to the Rev. Dr. Hales, F.R.S. from Captain 
Henry Ellis, F.R.S. dated Jan. 7, 1950-51, at Cape Monte 
Africa, Ship Earl of Halifax. Philosophical Transactions of the 
Royal Society of London, J7, 211-214, 1751. 
Fahrbach, E., G. Rohardt, N. Scheele, M. Schr6eder, V. Strass, 
and A. Wisotzki, Formation and discharge of deep and bottom 
water in the northwestern Weddell Sea, J. Mar. Res., 53, 515- 
538, 1995. 
Fahrbach, H., S. Harms, G. Rohardt, M. Schroder, and R. A. 
Woodgate, Flow of bottom water in the northwestern Weddell 
Sea, J. Ceophys. Res., 106(Cœ), 2761-2778, 2001. 
2926 ORSI ET AL.: COOLING AND VENTILATING THE ABYSSAL OCEAN 
Ganachaud, A., and C. Wunsch, Improved estimates of global 
ocean circulation, heat transport and mixing from hydro- 
graphic data, Nature, J08, 453-457, 2000. 
Goodman, P. J., The Role of North Atlantic Deep Water Forma- 
tion in an OGCM's Ventilation and Thermohaline Circulation, 
J. Phys. Oceanogr., 28, 1759-1785, 1998. 
Gordon, A. L., Deep convection west of Maud Rise, J. Phys. 
Oceanogr., 8, 600-612, 1978. 
Gordon, A. L., Western Weddell Sea thermohaline stratification, 
in Ocean, Ice, and Atmosphere: Interactions at the Antarctic 
Continental Margin, Antarct. Res. Ser., Vol. 75, edited by 
S.S. Jacobs and R .F. Weiss, pp 215-240, AGU, Washington, 
D.C., 1998. 
Jacobs, S.S., R. G. Fairbanks, and Y. Horibe, Origin and evo- 
lution of water masses near the Antarctic margin: evidence 
from H2180/H2160 ratios in sea water, in Oceanology of the 
Antarctic Continental Shelf, Antarct. Res. Ser., Vol. 43, 
edited by S.S. Jacobs, pp 59-85, AGU, Washington, D.C., 
1985. 
Jacobs, S.S., and C. F. Giulivi, Interannual ocean and sea ice 
variability in the Ross Sea, in Ocean, Ice, and Atmosphere: In- 
teractions at the Antarctic Continental Margin, Antarct. Res. 
Ser., Vol. 75, edited by S.S. Jacobs and R.F. Weiss, pp 135- 
150, AGU, Washington, D.C., 1998. 
Kim, S. -J., and A. St6ssel, Impact of subgrid-scale convection 
on global thermohaline properties and circulation, J. Phys. 
Oceanogr., 31, 656-674, 2001. 
Levitus, S., and T. Boyer, World Ocean Atlas 1994, Vol. 4: Tem- 
perature. NOAA Atlas NESDIS 4, U.S. Government Printing 
Office, Washington D.C., 150 pp., 1994. 
Mantyla, A. W., and J. L. Reid, Abyssal characteristics of the 
World Ocean waters, Deep-Sea Res., $0, 805-833, 1983. 
Meincke, J., The modern current regime across the Greenland 
Scotland Ridge, in Structure and development of the Greenland 
Scotland Ridge, edited by Bott et al., Plenum Publ. Co., 637- 
650, 1983. 
Munk, W. H., and C. Wunsch, Abyssal recipes II: energetics of 
tidal and wind mixing, Deep-Sea Res., 45, 1977-2010, 1998. 
Orsi, A. H., G. C. Johnson, and J. L. Bullister, Circulation, 
mixing, and production of Antarctic Bottom Water, Prog. in 
Oceanography, 43, 55-109, 1999. 
Orsi, A. H., W. M. Smethie, Jr., and J. L. Bullister, Determining 
the total input of near surface waters to the deep ocean from 
chlorofiuorocarbon inventories, J. Geophys. Res., submitted, 
2001. 
Rintoul, S. R., On the origin and influence of Adelie Land Bot- 
tom Water, Antarctica, in Ocean, Ice, and Atmosphere: In- 
teractions at the Antarctic Continental Margin, Antarct. Res. 
Ser., Vol. 75, edited by S.S. Jacobs and R.F. Weiss, pp 151- 
171, AGU, Washington, D.C., 1998. 
Ross, C. K., Temperature-salinity characteristics of the 'overflow' 
water in Denmark Strait during OVERFLOW 73, Rapports 
of Proces-Verbaux des Reunions, Conseil International pour 
l'Exploration de la Mer, 185, 111-119, 1984. 
Rumford, B., The Propagation of Heat in Fluids, in Essays, Po- 
litical, Economical, and Philosophical, London, pp. 197-386, 
1800. 
Saunders, P.M., Cold outflow from the Faroe Bank Channel, J. 
Phys. Oceanogr., 20, 29-43, 1990. 
Schlosser, P., J. L. Bullister, and R. Bayer, Studies of deep water 
formation and circulation in the Weddell Sea using natural and 
anthropogenic tracers, Mar. Chem., 35, 97-122, 1991. 
Smethie, W. M., and R. Fine, Rates of North Atlantic Deep Wa- 
ter formation calculated from Chlorofiuorocarbon inventories, 
Deep-Sea Res., 48, 289-215, 2001. 
Whitworth, T., W. D. Nowlin, Jr., A. H. Orsi, R. A. Locarnini, 
and S.G. Smith, Weddell Sea Shelf Water in the Bransfield 
Strait and Weddell-Scotia Confluence, Deep-Sea Res., 41, 629- 
641, 1994. 
Whitworth, T. III, A. H. Orsi, S.-J. Kim, W. D. Nowlin Jr., and 
R. A. Locarnini, Water masses and mixing near the Antarc- 
tic Slope Front, in Ocean, Ice, and Atmosphere: Interactions 
at the Antarctic Continental Margin, Antarct. Res. Ser., Vol. 
75, edited by S.S. Jacobs and R.F. Weiss, pp 1-28, AGU, Wash- 
ington D. C., 1998. 
Worthington, L. V., The case for near-zero production of Antarc- 
tic Bottom Water, Geochim. Cosmochim. Acta, 41, 1001- 
1006, 1977. 
A. H. Orsi, Department of Oceanography, Texas A&M Univer- 
sity, College Station, TX 77843, (e-mail: aorsi@tamu.edu) 
S.S. Jacobs, A. L. Gordon, and M. Visbeck, Lamont-Doherty 
Earth Observatory, Columbia University, RT 9W, Palisades, 
NY 10964, (e-mail: agørdøn@ldeø'cølumbia'edu' sjacobs@ldeo 
.columbia. edu, visbeck@ldeø'cølumbia'edu) 
(Received January 4, 2001; accepted May 7, 2001.) 
